Abstract
Groundwater is an important component of the water resources of the upper Umatilla River Basin of northeastern Oregon. As such, understanding the capacity of the resource is vital. Past studies have estimated recharge in the study area. One recent study of the upper Umatilla River Basin indicated that about 80 percent of recharge entering the groundwater system is discharged to streams in the study area through shallow groundwater-flow paths, leaving about 20 percent of recharge to infiltrate deeper parts of the aquifer system. The purpose of this work is to quantify the spatial distribution and variability of deep aquifer recharge in the study area and to understand the reasons for a relatively low percentage of total recharge reaching the deeper parts of the groundwater-flow system.
The study area is divided into two distinct physiographic regions-the highly dissected Blue Mountains and the lowland plains. Underlying both regions of the study area are basalts of the Columbia River Basalt Group (CRBG), which is the principal aquifer in the study area. Deep incision by streams in the Blue Mountains disrupts the lateral continuity of the CRBG aquifer units, and infiltrating water is more readily diverted laterally and discharged to streams and springs. In the lowland plains, incision is less pronounced. The shallow CRBG units might be disrupted, but deeper aquifer units retain their lateral continuity and enable groundwater to infiltrate deeper and flow laterally farther downgradient before discharging.
Recharge to the deep basalt aquifers is estimated as the difference between total recharge and base flow. Total recharge is the portion of precipitation and applied irrigation water that infiltrates past the root zone to become groundwater recharge. Of this total recharge, a proportion discharges to springs and streams in the study area, and the remaining water infiltrates below the base level of streams and recharges the deep basalt aquifers and contributes to the regional groundwater flow system. The portion of total recharge that recharges the regional flow system is referred to as deep aquifer recharge.
Total recharge is the portion of precipitation and applied irrigation water that infiltrates past the root zone to become groundwater recharge. It is the sum of recharge from precipitation and recharge from infiltration of irrigation water. Recharge from precipitation was calculated using a regression method developed for the Columbia Plateau. Recharge from infiltrating irrigation water was obtained from a water balance model developed for the Columbia Plateau.
Base flow, the component of streamflow that represents groundwater discharge as opposed to runoff from the land surface, was estimated using the Base Flow Index Modified (BFI-Modified) method, an empirical hydrograph separation technique. Base flow was estimated in eight subbasins with streamgages within the study area. Five of the eight subbasins in which base flow was estimated had permitted water rights for irrigation that specified surface water as the primary source of water. Maximum surface-water withdrawal for irrigation was estimated for all subbasins in which water rights for irrigation occur.
The base-flow estimate from BFI-Modified is assumed to be the minimum amount of base flow. The sum of the BFIModified base-flow estimate and the maximum permitted surface-water withdrawal estimate for each subbasin is assumed to be the maximum amount of base flow at the streamgage. These minimum and maximum estimates of base flow were used to calculate minimum and maximum values of deep aquifer recharge in each subbasin analyzed within the study area. Subbasin estimates were scaled up to the Blue Mountains and lowland plains regions, and to the entire study area.
Mean annual total recharge for 1981-2010 in the subbasins, analyzed as part of this work, ranged from 6 inches (in.) in the Patawa and Wildhorse Creek subbasins in the lowland plains to as much as 20 in. in the Umatilla River above Meacham Creek subbasin. Mean annual total recharge totaled 4 in. in the lowland plains region and 14 in. in the Blue Mountains. Mean annual total recharge for the entire study area was 11 in.
Mean annual base flow ranged from 1 in. in the Patawa and Wildhorse Creek subbasins in the lowland plains to as much as 14 in. in the Umatilla River above Meacham Creek subbasin in the Blue Mountains.
Mean annual deep aquifer recharge ranged from 4 in. in the Patawa and Wildhorse Creek subbasins in the lowland plains to as much as 8 in. in the Isqu'ulktpe Creek subbasin in the Blue Mountains. Deep aquifer recharge was 3-4 in. in the lowland plains region and 6 in. in the Blue Mountains. Over the entire study area, mean annual deep aquifer recharge was 5 in.
Most groundwater recharge (both total and deep aquifer) in the study area occurred in the Blue Mountains, which highlights the importance of the Blue Mountains as the principal source of groundwater for the study area and for aquifers farther downgradient. Total recharge in the Blue Mountains region represents 86 percent of the mean annual total recharge in the study area in an area that encompasses 65 percent of the study area. However, only 43-44 percent of the mean annual total recharge remains in the system to recharge the deeper, regional aquifer system because the rest is discharged as base flow within the Blue Mountains region. Within the lowland plains region of the study area, an estimated 67-84 percent of the mean annual total recharge remains in the system to recharge the deep, regional aquifer system. Although total recharge in the study area represents only 14 percent of the total recharge across the study area, it contributes 20-24 percent of the water to the deep aquifer.
The difference in the percentage of deep groundwater recharge in the Blue Mountains and the lowland plains is attributed to differences in the degree of stream incision. Stream channels are more incised in the Blue Mountains region than they are in the lowland plains. The dissection of the landscape in the Blue Mountains disrupts the lateral continuity of the CRBG aquifer units and allows groundwater to discharge to springs and streams rather than infiltrate more deeply. In the lowland plains region, incision is much less pronounced and deeper CRBG units likely retain their lateral continuity, enabling groundwater to infiltrate more deeply than in the Blue Mountains.
Introduction
Groundwater is an important component of the water resources of the semi-arid upper Umatilla River Basin of northeastern Oregon ( fig. 1 ). As such, understanding the capacity of the groundwater resource is vital.
Past studies have quantified groundwater recharge in the upper Umatilla River Basin but lacked an evaluation of the spatial distribution of recharge to the underlying aquifer. This study provides a refined recharge estimate for the upper Umatilla River Basin that accounts for spatial variability in the landscape and quantifies the proportion of recharge that infiltrates deeply to the regional groundwater system.
The purpose of this work is to better quantify the spatial distribution and variability of deep aquifer recharge in the study area, and to understand the reasons for a relatively low percentage of total recharge reaching the deeper parts of the groundwater-flow system.
Description of Study Area
The 914-mi 2 upper Umatilla River Basin (hereinafter, "study area") encompasses the drainage of the Umatilla River from its headwaters in the Blue Mountains downstream to just west of the confluence of the Umatilla River with Wildhorse and McKay Creeks ( fig. 1) . Major tributaries to the Umatilla River in the study area include Meacham Creek, McKay Creek, and Wildhorse Creek. The Umatilla Indian Reservation, home of the Confederated Tribes of the Umatilla Indian Reservation, is almost completely contained within the study area. The largest city in the study area is Pendleton; other major communities include Mission, Athena, and Meacham.
The study area is divided into two distinct physiographic areas-the Blue Mountains to the east and gently undulating, lowland plains to the west. The Blue Mountains and lowland regions of the study area are referred to hereinafter as the Blue Mountains and lowland plains, respectively ( fig. 1) . The Blue Mountains are highly dissected by streams and range in elevation from 1,600 to 5,800 ft; they are sparsely populated and largely forested. The lowland plains range in elevation from 950 to 2,500 ft, and have much more subdued topography compared to the Blue Mountains. The foothills and gently rolling plains in this region support the major communities and nearly all the agricultural development in the study area.
Mean annual precipitation is greatest in the upper elevations of the Blue Mountains and generally decreases to the west with decreasing elevation. Mean annual precipitation averaged 28 in. across the study area during 1981-2010, and ranged from 55 to 13 in. (PRISM Climate Group, 2016) . Mean annual precipitation in the Blue Mountains region averaged 34 in. during 1981 -2010 (PRISM Climate Group, 2016 , much of which fell as snow. The long-term mean annual 
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Geology
Basalts of the Columbia River Basalt Group (CRBG) underlie the study area. The CRBG basalts were emplaced from about 17 to 6 million years ago and consist of numerous individual flows of highly fluid basalt that inundated the entirety of the study area. Coeval with emplacement of the CRBG, the region experienced extensive folding and faulting (Ferns and others, 2006) . The Hawtmi, Wilahatya, and Thorn Hollow Fault Zones separate the uplands of the Blue Mountains from the lowland plains ( fig. 2 ). Folding and faulting uplifted the Blue Mountains relative to the lowland plains to the west, and have resulted in deep incision by streams on the uplifted block. Sediment eroded from the Blue Mountains forms several deposits in the lowland plains, including the low-permeability conglomerate of the McKay Formation, loess and fine-grained sandstone, alluvial fan deposits, and recent stream alluvium (Hogenson, 1964; Herrera and others, 2017) . For a detailed description of study area geology, see Herrera and others (2017) .
Hydrogeology
Groundwater occurs in sedimentary deposits and the underlying basalt of the CRBG. For detail on these units, see Herrera and others (2017) .
The sedimentary aquifer is composed of deposits derived from the erosion of the uplifted Blue Mountains. Total thickness of the sedimentary aquifer in the study area is as much as 320 ft. In the lowland plains, the aquifer is laterally extensive; in the uplands of the Blue Mountains, it is primarily present in stream valleys (Herrera and others, 2017, fig. 6A ). Groundwater withdrawals from the sedimentary aquifer generally are limited to livestock and domestic uses (Hogenson, 1964) .
The CRBG is the principal aquifer in the study area, and is composed of numerous basaltic lava flows stacked one upon the other; individual flows within the CRBG aquifer range in thickness from 5 to more than 100 ft. Total thickness of the CRBG in the study area may be as much as 6,800 ft (Herrera and others, 2017) . In general, the flows are laterally extensive except where cut by faulting, incised by streams, or pinched out by paleotopography. The vesicular and brecciated tops and bottoms of individual flows are the principal aquifers and water-bearing zones; the flow interiors typically are dense and have much lower permeability than the flow tops and bottoms ( fig. 3 ). Kahle and others (2011) summarized published values of horizontal and vertical hydraulic conductivity values for the CRBG, and although there is a considerable range, most estimates yield a horizontal to vertical anisotropy of 1,000-10,000. Numerous reports have documented substantial differences in hydraulic head between vertically separated water-bearing zones within the CRBG, further attesting to the low permeability of the flow interiors (Hansen and others, 1994; Kahle and others, 2011; Burns and others, 2012; Herrera and others, 2017) .
In the Blue Mountains, streams are deeply incised through CRBG strata, whereas on the lowland plains, stream incision is less pronounced. Where the CRBG strata are deeply incised, the lateral continuity of the CRBG aquifer units is disrupted and infiltrating groundwater is more readily diverted laterally and discharged to streams and springs ( fig. 4) . Where incision is less pronounced, the shallow CRBG aquifer units might be disrupted, but deeper units retain their lateral continuity and enable groundwater to infiltrate deeper and flow laterally farther downgradient before discharging.
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Previous Estimates of Recharge
Past studies have made estimates of recharge within or adjacent to the study area. Davies-Smith and others (1988) developed a groundwater model of a part of the Columbia Plateau that includes much of the lowland plains part of this study area, but omits much of the upland Blue Mountains. Davies-Smith and others (1988) estimated annual recharge to range from 0.2 in. near Pendleton to 3 in. in the foothills of the Blue Mountains during 1956-77 using a soil and energy balance model of the Columbia Plateau (deep percolation model [DPM]; Bauer and Vaccaro, 1987) . Recharge estimates for their model domain include recharge from precipitation and application of irrigation water from streams.
Bauer and Vaccaro (1990) estimated recharge for the Columbia Plateau of eastern Washington, northeastern Oregon (including the Umatilla River Basin), and parts of northwestern Idaho using the DPM (Bauer and Vaccaro, 1987) . For the study area described in this report, estimated annual recharge ranged from about 0.1 in. on the lowland plains to more than 10 in. in the Blue Mountains during 1956-77 (Bauer and Vaccaro, 1990, pl. 2) .
Using the DPM (Bauer and Vaccaro, 1987) , Gonthier and Bolke (1993) estimated recharge over the Umatilla Reservation area to be "about 0.6 inches in the lowland areas along the west and northwest reservation boundary to more than 3 in. the uplands east of Thorn Hollow" (Gonthier and Bolke, 1993, p. 25) . The period for which the recharge estimate applied was not provided.
Ely and others (2014) developed a groundwatersimulation model of the Columbia Plateau that included the study area. Recharge was estimated for unirrigated areas using a regression method developed from the DPM Vaccaro, 1987, 1990 ) and using the SOil WATer balance (SOWAT) model (Kahle and others, 2011) in areas of irrigated agriculture. In the study area, annual recharge for 2000-07 land-use conditions was estimated to range from about 2 in. near Pendleton to a maximum of 40 in. in the Blue Mountains (Ely and others, 2014, fig. 14B ).
Herrera and others (2017) developed a groundwater budget for the study area also using the regression method developed from the DPM Vaccaro, 1987, 1990) . Estimated mean annual recharge from precipitation in the study area during 1951-2010 was 9.6 in., and ranged from about 2 in. in the lowland near Pendleton to nearly 34 in. in the high elevations of the Blue Mountains. Yazzie and Chang (2017) developed a PrecipitationRunoff Modeling System (PRMS; Leavesley and others, 1983; Markstrom and others, 2015) model for a part of the study area upstream of a streamgage near Pendleton (Umatilla River at West Reservation Boundary near Pendleton, Oregon [U.S. Geological Survey streamgage 14020850]). The calibrated model estimated a mean annual basin recharge of 16.8 in. during 1970 -1999 (Yazzie and Chang, 2017 .
Previous annual recharge estimates for the study area ranged from 0.1 to 2 in. in the lowlands near Pendleton and from 10 to 40 in. in the Blue Mountains. Much of this variability is due to differences in precipitation during the various periods used and differences in size of the study area under investigation by each study. Herrera and others (2017) indicated that about 80 percent of recharge entering the groundwater system is discharged to streams in the study area through shallow groundwater-flow paths, leaving about 20 percent of recharge to infiltrate deeper parts of the aquifer system. This deep recharge supplies water to the basalt aquifers in the lowland part of the study area (and farther downgradient), from which groundwater most often is withdrawn for municipal and irrigation uses. This has important implications for the use and management of water in the deep basalt aquifers of the study area, as well as those downgradient aquifers underlying the lower Umatilla River Basin to the west.
Methods
In this report, recharge to the deep basalt aquifers is estimated as the difference between total recharge and base flow. Total recharge is the portion of precipitation and applied irrigation water that infiltrates past the root zone to become groundwater recharge. Of this total recharge, a proportion discharges through shallow and intermediate flow paths to springs and streams in the study area, and the remaining water infiltrates below the base level of streams and recharges the deep basalt aquifers and contributes to the regional groundwater flow system. Groundwater withdrawals from the sediments overlying the basalt aquifer likely are insignificant and are not factored into this relation. The portion of total recharge that recharges the regional groundwater flow system is referred to as deep aquifer recharge (fig. 4 ).
Estimating Deep Aquifer Recharge
A simple relation can be defined between total recharge, base flow, and deep aquifer recharge. The portion of total recharge that does not reemerge as base flow is available to become deep aquifer recharge. This is expressed by the equation, Deep Aquifer Recharge = Total Recharge -Base Flow. (1) Comparison of total recharge and base flow requires records that are spatially and temporally coincident. To ensure that estimates of total recharge and base flow were spatially coincident, deep aquifer recharge was estimated for subbasins with streamgage records that could be used to estimate base flow ( fig. 5 ). Base-flow estimates from these streamgages were scaled up to provide estimates for the Blue Mountains and lowland plains regions and for the entire study area ( fig. 5 ). To ensure that estimates were temporally coincident, base-flow estimates were normalized to the 1981-2010 recharge period.
Total Recharge Estimation
Recharge from infiltration of precipitation is estimated using a regression method developed from the DPM Vaccaro, 1987, 1990) relating annual recharge to annual precipitation:
where R p is recharge from precipitation, in inches, and P is precipitation, in inches.
Equation 2 was developed by Bauer and Vaccaro (1990) using the DPM (Bauer and Vaccaro, 1987) . The regression equation predicts recharge as a function of mean annual precipitation with a correlation coefficient of 0.92. Equation 2 yields negative values when annual precipitation is less than 6.49 in.; however, annual precipitation is more than 6.49 in. throughout the current study area. Using this regression equation, Herrera and others (2017) estimated annual recharge for the study area during 60 water years (1951-2010) using 2.48-mi gridded precipitation values (Herrera and others, 2017) . This study extends that work by estimating total recharge for the study area using similar methods but at a finer spatial resolution. For this analysis, the mean annual recharge from precipitation was estimated for 1981-2010 using 30 arcsecond (about 0.5-mi) gridded precipitation values (PRISM Climate Group, 2016; fig. 6 ). The 1981-2010 period was chosen because it was a period during which high-resolution precipitation data were available.
Recharge from infiltrating irrigation water (R i ) was obtained from the SOil WATer balance (SOWAT) model used by Kahle and others (2011) . Total recharge was estimated as the sum of recharge from precipitation (R p ) and R i . A U.S. Geological Survey data release by Pischel (2018) can be used to access the recharge datasets (from irrigation and from precipitation).
Base-Flow Estimates
Base flow refers to the component of streamflow that represents groundwater discharge, rather than runoff from the land surface. The base-flow component of streamflow can be estimated using empirical hydrograph separation techniques, such as Base Flow Index (BFI) (Wahl and Wahl, 1995) , PART (Rutledge, 1998) , and HYSEP (Sloto and Crouse, 1996) . These methods all use recession-curve analysis to identify parts of a streamflow hydrograph when surface runoff is negligible; during these periods, streamflow is assumed to equal base flow (groundwater discharge.) The method used in this investigation was the Base Flow Index Modified (BFI-Modified) method (Barlow and others, 2015) . The BFIModified method was used for this work because it typically generates lower estimates of base flow when compared with other recession-curve methods, particularly in snowmeltdominated systems such as the study area. The larger baseflow estimates generated by PART and HYSEP are not necessarily incorrect, and results from those methods can be interpreted as including more shallow flow-path groundwater. However, because the DPM accounts for shallow subsurface flow (to some extent), a recharge method with a smaller subsurface flow component (such as BFI-Modified) is a better pairing with that model. Additionally, in the development of the regression method of Bauer and Vaccaro (1990) , total streamflow (measured at many streamgages) was apportioned into runoff and base flow. Although the exact method of estimating base flow was not specified, the base-flow estimates were described as "low" (Bauer and Vaccaro, 1990, p. 17 "Low" base-flow estimates are commensurate with a BFIModified base-flow estimate. By using a low estimate for base flow, the estimated deep aquifer recharge is maximized and, therefore, provides an upper bound on the amount of deep water moving through the system. Base flow was estimated in eight subbasins with streamgages within the study area ( fig. 5 ; table 1). The subbasin boundary dataset is accessible in the U.S. Geological Survey data release by Pischel (2018) .
The streamgages used in this study did not have coincident periods of record; therefore, the base-flow estimates from each site were normalized to the recharge period using the base-flow estimate from the reference streamgage (Umatilla River above Meacham Creek near Gibbon, Oregon [U.S. Geological Survey streamgage 14020000]; fig. 5 ), which had the longest period of record . The period of record for the reference streamgage completely encompasses the recharge period and the period of record of all the other streamgages used in this study. Base flow for each site was normalized to the 1981-2010 base flow at the Umatilla River above Meacham Creek by dividing the base flow by a scaling factor calculated using: Base-flow scaling factors for streamgages in this report ranged from about 0.9 to 1.
Five of the eight subbasins had permitted water rights for irrigation that specified surface water as the primary source of water. These water rights were associated with 4,539 acres, of which 79 percent were in the two subbasins in the lowland plains region, Patawa and Wildhorse Creeks (Jen Woody, Oregon Water Resources Department, written commun., 2018). The permitted water rights indicate the maximum legal amount of water that can be withdrawn from a stream by the holder. The amount of water actually withdrawn by permit holders is not known; water withdrawal is subject to availability and is unmeasured. An annual application rate of 2.5 acre-ft per acre was assumed based on crop types observed in the area by Oregon Water Resources Department staff, and represents a maximum volume of water that could be withdrawn. As such, estimates of surface-water withdrawal should be considered maximum estimates (table 1). The timing of permitted withdrawals also is unknown; however, most of the withdrawals for surface-water irrigation likely occur during summer, when streamflow is at or near baseflow conditions. The base-flow estimate from BFI-Modified is assumed to be the minimum amount of base flow, and the BFI-Modified base-flow estimate plus the maximum permitted surface-water withdrawal for each subbasin is assumed to be the maximum amount of base flow at the streamgage.
A maximum and minimum value of deep aquifer recharge was calculated for each subbasin. Maximum and minimum deep aquifer recharge is dependent on the volume of base flow that exits the groundwater system in each subbasin. The greater the volume of base flow exiting the groundwater system, the less groundwater will be available to percolate deeply to the deeper regional basalt aquifer. Thus, minimum deep aquifer recharge is Total recharge -(BFI-modified base flow + estimated surface water diversions), where total recharge is recharge from precipitation and applied irrigation water, and the sum of BFI-modified baseflow and estimated surface-water diversions represents maximum baseflow.
Maximum deep aquifer recharge is Total recharge -BFI-modified base flow,
where total recharge is recharge from precipitation and applied irrigation water, and BFI-modified base flow represents minimum base flow. To calculate maximum and minimum values of deep aquifer recharge for the Blue Mountains and lowland plains regions, the same relations defined in the preceding paragraphs were used, but values of base flow and estimated surfacewater diversions were scaled up from subbasin estimates. For each region, the total base flow and surface-water diversions within subbasins of that region were scaled by the ratio of the area of the subbasins with streamgages to the total region area. For example, base flow in the Blue Mountains region was calculated by first summing the base flow that occurs in the subbasins within the Blue Mountains region (Umatilla River above Meacham Creek, Meacham Creek, Isqu'ulktpe Creek, Moonshine Creek, Cottonwood Creek, and McKay Creek). This total base-flow value (220,000 acre-ft/ yr) was then scaled by the ratio of the area with streamgages (338,321 acres) to total area in the Blue Mountains region (382,931 acres)-1.1. Multiplying the total base flow in the Blue Mountains subbasins with streamgages by the ratio of gaged to total region area resulted in the (rounded) value of 249,000 acre-ft/ yr for the Blue Mountains region. Scaled values of base flow and surface-water diversions were derived in this way for the Blue Mountains and lowland plains regions, and used in the relations defined here to calculate minimum and maximum deep aquifer recharge in each region.
To calculate deep aquifer recharge for the entire study area, the scaled values of base flow and estimated surfacewater diversions were added to obtain study area-wide values of base flow and surface-water diversions. These values were used in the relations defined here to calculate minimum and maximum deep aquifer recharge for the study area. The study area boundary, which is subdivided into the Blue Mountains and lowland plains regions, is accessible in the U.S. Geological Survey data release by Pischel (2018) .
Recharge Estimate Results
Mean annual total recharge for the study area (584,979 acres) during 1981-2010 was estimated at 11 in. (517,700 acre-ft) (table 1). It ranged from about 2 in. in the drier west side of the study area near Pendleton to as much as about 33 in. in the Blue Mountains ( fig. 6 ). Less than 1 percent of the total recharge was from applied irrigation water ( fig. 7) . It was larger, but still relatively small, in the two subbasins in the lowland plains region where it contributed 3-4 percent of the total recharge. In the various subbasins, mean annual total recharge ranged from 6 in. in the Patawa Creek and Wildhorse Creek subbasins to as much as 20 in. in the Umatilla River above Meacham Creek subbasin (table 1; fig. 8A ). Mean annual total recharge in the Blue Mountains region was estimated at 14 in. (443,900 acre-ft), and 4 in. (73,800 acre-ft) in the lowland plains region (table 1; fig. 8C ).
A PRMS model developed for a 442-mi 2 watershed within the current study area estimated a mean annual recharge over the PRMS model domain of 16.8 in. during 1970 -1999 (Yazzie and Chang, 2017 . This estimate is about 13 percent higher than the estimate for this study when the same area is considered.
Mean annual base flow estimated from the BFI-Modified method in subbasins ranged from 1 in. in the Patawa Creek and Wildhorse Creek subbasins on the lowland plains to as much as 14 in. in the Umatilla River above Meacham Creek subbasin in the Blue Mountains (table 1) . Permitted surfacewater withdrawals for irrigation were greater than 1 percent of the estimated base flow in the subbasins of McKay Creek (6 percent), Patawa Creek (42 percent), and Wildhorse Creek (124 percent).
Mean annual deep aquifer recharge in subbasins analyzed for this study ranged from 4 in. in the Patawa Creek and Wildhorse Creek subbasins on the lowland plains to as much as 8 in. in the Isqu'ulktpe Creek subbasin in the Blue Mountains (table 1 ; maximum values are shown in fig. 8B ). The uncertainty in deep recharge due to permitted, but unmeasured surface water withdrawals was a small proportion of the deep recharge at sites in the Blue Mountains. Because more permitted, unmeasured withdrawals occur in the lowland plains, the uncertainty in deep recharge is greater than in the Blue Mountains. For example, McKay Creek had the most estimated maximum irrigation withdrawals in the Blue Mountains region, but these accounted for only 4 percent of the maximum deep recharge (total recharge minus base flow). In contrast, in Wildhorse Creek in the lowland plains region, estimated maximum irrigation withdrawals accounted for 16 percent of the maximum deep recharge (total recharge minus base flow).
Estimates of mean annual deep aquifer recharge for the entire study area and for the Blue Mountains and lowland plains regions were extrapolated from the base flow and permitted maximum surface-water withdrawals in the measured subbasins (table 1 ; maximum values are shown in fig. 8D ) by scaling the measured values by the ratio of the measured to unmeasured area, as described in section, "Methods." Mean annual deep recharge across the entire study area was about 5 in. Deep aquifer recharge generally was largest in the Blue Mountains (6 in.), and smallest in the lowland plains (3-4 in.) where precipitation was lowest and potential surface-water withdrawals were largest. However, as a percentage of total recharge, deep recharge was largest in the lowland plains where an estimated 67-84 percent of the total recharge infiltrates to the deeper aquifers below the base level of the streams. Reasons for this are explained in section, "Discussion." 
Discussion
Most groundwater recharge (both total and deep aquifer) in the study area occurred in the Blue Mountains, which highlights the importance of the Blue Mountains as the principal source of groundwater for the study area and for aquifers farther downgradient. Mean annual total recharge in the Blue Mountains region was estimated at 14 in.
1 or 443,900 acre-ft. This represents 86 percent of the total recharge in the study area (517,700 acre-ft) in an area that encompasses 65 percent of the study area. However, only 43-44 percent of the total recharge (192,200-194,900 acre-ft) remains in the system to recharge the deeper, regional aquifer system because the rest is discharged as base flow within the Blue Mountains region. Within the lowland plains region of the study area, an estimated 67-84 percent of the total recharge remains in the system to recharge the deep, regional aquifer system. Although total recharge in the lowland plains region represents only 14 percent of the total recharge across the study area, it contributes 20-24 percent of the water to the deep aquifer.
The difference in the percentage of deep groundwater recharge in the Blue Mountains and the lowland plains primarily is attributed to differences in the degree of stream incision. In the Blue Mountains region, stream channels are incised, on average, about 940 ft below the surrounding land surface. In the lowland plains region, stream channels are incised, on average, about 160 ft below the surrounding land surface. Stream incision was defined as the difference in elevation between the stream channel and the maximum elevation of the surrounding landscape within 0.6-mi of the channel. The dissection of the landscape in the Blue Mountains disrupts the lateral continuity of the CRBG aquifer units and allows groundwater to discharge to springs and streams rather than infiltrate more deeply. The horizontal movement of water is favored because of large anisotropy of hydraulic conductivity in the CRBG aquifers Hansen, 2000, Tolan and others, 2009; Kahle and others, 2011) . In the lowland plains region, incision is much less pronounced and deeper CRBG units likely retain their lateral continuity, enabling groundwater to infiltrate more deeply than in the Blue Mountains. Because hydrogeologic properties of the CRBG units in the Blue Mountains and the lowland plains are similar, differences in the percentage of deep aquifer recharge are wholly attributed to the degree of dissection.
The distinction between total and deep recharge is important for the understanding and management of groundwater resources in the upper Umatilla River Basin. In the Blue Mountains region where most recharge occurs, 56 percent of the total recharge re-emerges as base flow and the remaining 44 percent recharges the regional groundwaterflow system. Population is sparse and agriculture is limited to narrow stream valleys in this rugged part of the study area; therefore, groundwater use is low. The deep recharge in the Blue Mountains region is the single largest source of groundwater recharge for the deep basalt aquifers underlying the lowland plains, which serve municipal and irrigation uses in that region.
Study Limitations and Future Work
Because many of the components used to calculate recharge are difficult to measure directly or quantify, these estimates contain some uncertainty; however, these uncertainties are not expected to change the overall conclusions of the report. The estimate of recharge due to precipitation shown here, developed using the regression method of Bauer and Vaccaro (1990) , compares favorably with an independent estimate of recharge for a relatively large watershed in the study area developed using PRMS by Yazzie and Chang (2017) . The use of a process-based model, such as PRMS, for the entire study area could improve recharge estimates by accounting for spatial heterogeneity of land surface characteristics such as soils and land use. Additional weather stations in the study area would improve long-term precipitation estimates, which are used in the regression method of Bauer and Vaccaro (1990) and PRMS. Surface-water withdrawals were estimated for this study from water-rights permits, but uncertainty in amount and timing of the withdrawals make it difficult to account for them in the stream hydrographs and resulting base-flow analyses. Recent work to improve hydrograph-separation methods, with the goal of improving estimates of base flow, has focused on non-graphical techniques such as chemical mass balance (Stewart and others, 2007; Miller and others, 2015) , recursive digital filters (Nathan and McMahon, 1990; Eckhardt, 2005) , and hybrid techniques that use the strengths of all methods (Raffensperger and others, 2017) . Many of these techniques rely on data such as water chemistry unavailable for this study, but could provide improved estimates of groundwater discharge to streams. Additionally, seepage-run estimates could be made to update work done by Herrera and others (2017) , and to include stream basins not included in their work that would be useful in the estimation of deep aquifer recharge in the study area.
Summary
Groundwater is an important component of the water resources of the semi-arid upper Umatilla River Basin of northeastern Oregon. As such, understanding the capacity of the groundwater resource is vital. The purpose of this work is to better quantify the spatial distribution and variability of deep aquifer recharge in the study area, and to understand the reasons for a relatively low percentage of total recharge reaching the deeper parts of the groundwater-flow system.
The upper Umatilla River Basin study area encompasses the drainage of the Umatilla River from its headwaters in the Blue Mountains to just west of the confluence of the Umatilla River with Wildhorse and McKay Creeks. The study area is divided into two distinct physiographic areas-the highly dissected Blue Mountains to the east and gently undulating lowland plains to the west. The foothills and plains support the major communities and nearly all the agricultural development in the study area. Mean annual precipitation is greatest in the upper elevations of the Blue Mountains and generally decreases to the west with decreasing elevation. Mean annual precipitation averaged 34 inches (in.) in the Blue Mountains during 1981-2010, much of which fell as snow. Precipitation averaged 18 in. across the lowland plains.
Underlying the study area are basalts of the Columbia River Basalt Group (CRBG). Folding and faulting uplifted the Blue Mountains relative to the lowland plains, and have resulted in deep incision by streams on the uplifted block. The CRBG is the principal aquifer in the study area and is composed of numerous flows stacked one upon the other. In general, the flows are laterally extensive except where cut by faulting, incised by streams, or pinched out by paleotopography. The vesicular and brecciated flow tops and bottoms of individual flows are the principal aquifers and water-bearing zones; the flow interiors typically are dense and have much lower permeability. In the Blue Mountains, streams are deeply incised through the CRBG strata, whereas on the lowland plains, stream incision is less pronounced. Where CRBG strata are deeply incised, the lateral continuity of the CRBG aquifer units is disrupted and infiltrating groundwater is more readily diverted laterally and discharged to streams and springs. Where incision is less pronounced, the shallow CRBG aquifer units might be disrupted but deeper aquifer units retain their lateral continuity and enable groundwater to infiltrate deeper and flow laterally farther downgradient before discharging.
Previous estimates of recharge in the study area ranged from 0.1 to 2 in. in the lowlands near Pendleton and from 10 to 40 in. in the Blue Mountains. One recent study of the upper Umatilla River Basin indicated that 80 percent of recharge entering the groundwater system discharged to streams in the study area through shallow groundwater-flow paths, leaving about 20 percent of recharge to infiltrate to deeper parts of the aquifer system. This deep recharge supplies water to the basalt aquifers in the lowland part of the study area (and farther downgradient), from which water most often is withdrawn for municipal and irrigation uses.
Recharge from infiltration of precipitation is estimated using a regression method developed for the Columbia Plateau. Input for this method is mean annual precipitation. For this analysis, 30 arc-second gridded mean annual precipitation for 1981-2010 was used. Recharge from infiltrating irrigation water was obtained from a water balance model developed for the Columbia Plateau. Total recharge is the sum of recharge from precipitation and recharge from irrigation.
The base-flow estimate from BFI-Modified is assumed to be the minimum amount of base flow. The sum of the BFI-Modified base-flow estimate and the maximum permitted surface-water withdrawal estimate for each subbasin is assumed to be the maximum amount of base flow at the streamgage.
Using minimum and maximum base-flow estimates, a minimum and maximum value of deep aquifer recharge was calculated for each subbasin in which base flow was estimated. Minimum deep aquifer recharge is calculated as the difference between total recharge within the subbasin and maximum base flow (defined as the sum of the BFI-Modified base-flow estimate and the maximum permitted surfacewater withdrawal in each subbasin). Maximum deep aquifer recharge is defined as the difference between total recharge within the subbasin and BFI-Modified base flow.
Estimates of deep aquifer recharge in the Blue Mountains and lowland plains were generated in the manner described in the previous paragraph by scaling up values of base flow and estimated surface-water diversions in subbasins within each respective region. An estimate of deep aquifer recharge for the entire study area was generated by adding the scaled regional values of base flow and surface-water diversions to obtain study area-wide values. These were used to calculate maximum and minimum deep aquifer recharge for the study area.
Mean annual total recharge for 1981-2010 in the subbasins analyzed as part of this work ranged from 6 in. in the Patawa and Wildhorse Creek subbasins in the lowland plains to as much as 20 in. in the Umatilla River above Meacham Creek subbasin. Mean annual total recharge totaled 4 in. in the lowland plains region and 14 in. in the Blue Mountains. Mean annual total recharge for the entire study area was 11 in.
The difference in the percentage of deep groundwater recharge in the Blue Mountains and the lowland plains primarily is attributed to differences in the degree of stream incision. Stream channels are more incised in the Blue Mountains region than they are in the lowland plains. The dissection of the landscape in the Blue Mountains disrupts the lateral continuity of the CRBG aquifer units and allows groundwater to discharge to springs and streams rather than infiltrate more deeply. In the lowland plains region, incision is much less pronounced and deeper CRBG units likely retain their lateral continuity, enabling groundwater to infiltrate more deeply than in the Blue Mountains.
Continued study of the upper Umatilla River Basin will provide further insight into the interplay between groundwater and hydrogeology of the study area. The use of a processbased model, such as the Precipitation-Runoff Modeling System (PRMS) for the entire study area could improve recharge estimates by accounting for spatial heterogeneity of land surface characteristics such as soils and land use. Improvements to base-flow estimates using non-graphical techniques would help constrain the volume of water exiting the groundwater system before becoming deep aquifer recharge. Additionally, seepage run estimates could be done to update previous work and to improve understanding of base flow to streams in the study area.
